Abstract: Triboluminescence (TL) is a form of light emission induced upon mechanical forces on the material. However, our understanding of this phenomenon is still unclear and more examples are therefore needed in order to elucidate its mechanism. In this work, two types of TL complexes, [Eu(pp-dbm-Cl 2 ) 3 phen] and [Eu(mm-dbm-Cl 2 ) 3 phen], which also displays aggregation-induced emission (AIE) were synthesized and investigated for its photo-physical and crystal structural properties. These complexes were crystallized in a centro-symmetric space group P2 1 /n, and remarkably, displayed TL upon grinding that may be due to the presence of extensive π···π, C-H···π and C-H···Cl-C interactions in the close molecular packing of its structure. This rare example deviates from the widely accepted mechanism of TL, hence widening the scope of our understanding in the area.
Introduction
Triboluminescence (TL) is a form of luminescence induced by applying mechanical force to crystalline materials [1] . It has attracted considerable attention because of its potential application such as pressure sensing [2] . Even though this optical phenomenon has been discovered more than a century ago, the understanding of its mechanism is still elusive. It has been widely accepted that the piezoelectric effect of non-centrosymmetric crystals causes TL because piezoelectric charges can excite the molecules. However, some examples of structures with centrosymmetric space groups such as [Eu(tta) 3 4 ], and [Tb(AP) 6 ]I 3 displaying vibrant TL have refuted this correlation [3] [4] [5] [6] [7] , in fact, there are many influential factors such as ionic charge, crystal defects, gases environment, and pressure [8] . To study this phenomenon, lanthanide(III) chelates are ideal candidates due to their large Stoke shift that can eliminate inherent reabsorption problems, especially associated to organic compounds [9, 10] .
Molecular packing is also known to be a crucial factor in affecting various optical phenomena and is often neglected. Only in recent years has there been more studies directed in this area with examples of organic luminogens showing aggregation induced emission (AIE) and TL. Such work has brought insight into the area, where the influence of the crystal packing also has a dominant role in parallel with the electronic structure of the molecule [11, 12] . For example, it has also been shown that the para or meta position of phenanthrol [9,10-d] imidazole (PI) group on tetraphenylethene (TPE) can lead to a difference in TL. While both crystals of mm-TPE(PI) 2 and pp-TPE(PI) 2 are centrosymmetric, the former, with stronger intermolecular interactions and higher dipole moment, is TL-active, but the is TL-active, but the latter is not [13] . As the mechanism of TL of different materials can vary, the study of an AIE-active compound with a centrosymmetric structure can bring insight into developing structural and optical correlations to TL, especially by examining the intermolecular interactions in the molecular packing.
However, designing AIE-active lanthanide(III) chelates are still challenging due to the controversial mechanism of AIE [14] . The key factor is the restriction of intramolecular rotation and intermolecular π-π stacking. Exceptional cases have also been explained by molecular planarization, intramolecular charge transfer, twisted intramolecular charge transfer, E-Z isomerization, and Jaggregate formation. Lately, there have been reports of AIE-active transition metal complexes caused by the presence and formation of halogen bonds (XB) in the structure [15] .
In this regard, in our study, we specifically incorporated halogens in our complex design to study the influence of halogens on both TL and AIE. Two chloride-containing ligands, pp-dbm-Cl2 and mm-dbm-Cl2 were employed for lanthanide(III) complexation, and to rule out the effect of ionic charge on TL, an auxiliary ligand 1,10-phenanthroline (phen) was used to complete the lanthanide coordination sphere, forming neutral Ln III complexes ( Figure 1 ). As Eu III ions are known to be efficiently sensitized by β-diketonates, [Eu(pp-dbm-Cl2)phen] and [Eu(mm-dbm-Cl2)phen] are designed, synthesized, and their photo-physical and structural study are discussed herein. 
Results and Discussion

Synthesis and Characterization
The ligands pp-dbm-Cl2 and mm-dbm-Cl2 were synthesized by a classical Claisen condensation reaction between the corresponding ketone and methyl ester using NaH as the base. Both compounds were purified by recrystallization using ethanol, with product yields of 47% and 27% for pp-dbm-Cl2 and mm-dbm-Cl2, respectively. These compounds were characterized by 1 H-NMR, 13 C-NMR, and CHN elemental analysis.
The corresponding complexes were synthesized by addition of europium(III) chloride to a mixture of auxiliary ligands and the deprotonated dbm-Cl2 by triethylamine at room temperature. Purification was performed by recrystallization with a solution mixture of THF and MeCN. Single crystals for X-ray diffraction experiments were obtained by slow evaporation of the above solvent mixture. These complexes were characterized by 1 H-NMR, CHN elemental analysis and SCXRD.
The successful complexation can also be evidenced by 1 H-NMR spectra in Figure 2 . The spectra of the complexes show shifted dbm-Cl2 and phen peaks caused by the paramagnetic nature of Eu III ions. Additionally, the 3:1 ratio of dbm-Cl2 and phen indicates the formation of [Eu(dbm-Cl2)3phen]. 
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Luminescent Properties
The UV-vis absorption spectra of the ligands, pp-dbm-Cl 2 and mm-dbm-Cl 2 and their corresponding Eu complexes are recorded in THF solution and shown in Figure 4 . For pp-dbm-Cl 2 ,
Molecules 2019, 24, 662 4 of 10 the peak maximum is at 350 nm which is attributed to the π → π* transition. For mm-dbm-Cl 2 , this is at 347 nm, which is slightly more blue-shifted than that of pp-dbm-Cl 2 . This is attributed to the less symmetrical structure of mm-dbm-Cl 2 . Upon complexation, [Eu(pp-dbm-Cl 2 ) 3 phen] shows absorption at 360 nm, which is red-shifted 10 nm compared to pp-dbm-Cl 2 . The complexation with Eu III ion lowers the energy of the ligand. The peak at 270 nm is due to the π → π* transition of phen.
[Eu(mm-dbm-Cl 2 ) 3 phen] exhibits the same trend with an absorption peak maximum at 357 nm.
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Tribolumimescence and Molecular Packing
From the findings of the AIE property, [Eu(pp-dbm-Cl2)3phen] is highly emissive with decent quantum yield in the solid state, and hence is ideal for triboluminescence study. Together with [Eu(mm-dbm-Cl2)3phen], their dried crystals were crashed by a glass rod and were both found to be TL-active, evident by the TL spectra shown in Figure 8 . In fact, these TL lights are very difficult to be seen by naked eye because these TL are very weak compared to their PL; therefore, the TL spectra contains much noise. Nevertheless, the TL spectra are identical to their corresponding PL spectra, indicating that the symmetry of the complexes did not change upon fracture of the crystal structure. If so, the splitting of the hypertensive peaks would have been altered [19] . 
From the findings of the AIE property, [Eu(pp-dbm-Cl 2 ) 3 phen] is highly emissive with decent quantum yield in the solid state, and hence is ideal for triboluminescence study. Together with [Eu(mm-dbm-Cl 2 ) 3 phen], their dried crystals were crashed by a glass rod and were both found to be TL-active, evident by the TL spectra shown in Figure 8 . In fact, these TL lights are very difficult to be seen by naked eye because these TL are very weak compared to their PL; therefore, the TL spectra contains much noise. Nevertheless, the TL spectra are identical to their corresponding PL spectra, indicating that the symmetry of the complexes did not change upon fracture of the crystal structure. If so, the splitting of the hypertensive peaks would have been altered [19] .
To correlate triboluminescence with its molecular structure, the crystal structures of [Eu(pp-dbm-Cl 2 ) 3 phen] and [Eu(mm-dbm-Cl 2 ) 3 phen] were studied. Both compounds share the same symmetry with a centrosymmetric space group P2 1 /n. According to Zink et al., non-centrosymmetric crystals are likely to exhibit TL because of the piezoelectric effect [20] . The weak TL of [Eu(pp-dbm-Cl 2 ) 3 phen] and [Eu(mm-dbm-Cl 2 ) 3 phen] may be due to the lack of piezoelectric charge generated due to their centrosymmetricity. This may explain why their TL is only detected when the intact crystal is fractured. When the crystal is crushed into much smaller grains, no TL signal can be detected. It is because, when fracture occurs in large crystals, the newly formed cracked surfaces have larger surface area in which more charge can be accumulated than for the smaller crystals. However, for the non-centrosymmetric structures such as [Eu(dbm) 4 TMP] reported previously [4] , even when it is grinded to a crystalline powder, there is still detectable TL generated upon mechanical action.
[Eu(mm-dbm-Cl2)3phen], their dried crystals were crashed by a glass rod and were both found to be TL-active, evident by the TL spectra shown in Figure 8 . In fact, these TL lights are very difficult to be seen by naked eye because these TL are very weak compared to their PL; therefore, the TL spectra contains much noise. Nevertheless, the TL spectra are identical to their corresponding PL spectra, indicating that the symmetry of the complexes did not change upon fracture of the crystal structure. If so, the splitting of the hypertensive peaks would have been altered [19] . We also observed that the molecular packing within the crystal structure also has an influence on the TL. With a change in the Cl position, the packing mode was found to differ slightly for the two complexes ( Figure 9 ). For the Cl at the para position, [Eu(pp-dbm-Cl 2 ) 3 To correlate triboluminescence with its molecular structure, the crystal structures of [Eu(ppdbm-Cl2)3phen] and [Eu(mm-dbm-Cl2)3phen] were studied. Both compounds share the same symmetry with a centrosymmetric space group P21/n. According to Zink et al., non-centrosymmetric crystals are likely to exhibit TL because of the piezoelectric effect [20] . The weak TL of [Eu(pp-dbmCl2)3phen] and [Eu(mm-dbm-Cl2)3phen] may be due to the lack of piezoelectric charge generated due to their centrosymmetricity. This may explain why their TL is only detected when the intact crystal is fractured. When the crystal is crushed into much smaller grains, no TL signal can be detected. It is because, when fracture occurs in large crystals, the newly formed cracked surfaces have larger surface area in which more charge can be accumulated than for the smaller crystals. However, for the noncentrosymmetric structures such as [Eu(dbm)4TMP] reported previously [4] , even when it is grinded to a crystalline powder, there is still detectable TL generated upon mechanical action.
We also observed that the molecular packing within the crystal structure also has an influence on the TL. With a change in the Cl position, the packing mode was found to differ slightly for the two complexes ( Figure 9 ). For the Cl at the para position, [Eu(pp-dbm-Cl2)3phen], one complex is connected to five others by different intermolecular interaction. There are π···π interactions 
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Material Preparation
Unless otherwise stated, all reagents for synthesis were obtained commercially and used without further purification. Methyl 4-chlorobenzoate, 4′-chloroacetophenone, methyl 3-chlorobenzoate, and 3′-chloroacetophenone were purchased from Meryer (Shanghai, China). Sodium hydride, 1,10-phenanthroline, europium(III) chloride hexahydrate (99.99%), gadolinium(III) chloride hexahydrate (99.999%) were purchased from Sigma (St. Louis, MO, USA). Anhydrous tetrahydrofuran was purchased from Acros (Waltham, MA, USA). The ligand synthesis was performed using standard Schlenk line techniques. Glassware was dried at 130 °C prior use for water-free reaction. 
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Experimental
Material Preparation
Unless otherwise stated, all reagents for synthesis were obtained commercially and used without further purification. Methyl 4-chlorobenzoate, 4 -chloroacetophenone, methyl 3-chlorobenzoate, and 3 -chloroacetophenone were purchased from Meryer (Shanghai, China). Sodium hydride, 1,10-phenanthroline, europium(III) chloride hexahydrate (99.99%), gadolinium(III) chloride hexahydrate (99.999%) were purchased from Sigma (St. Louis, MO, USA). Anhydrous tetrahydrofuran was purchased from Acros (Waltham, MA, USA). The ligand synthesis was performed using standard Schlenk line techniques. Glassware was dried at 130 • C prior use for water-free reaction.
Photophysical Measurement
UV-vis absorption spectra were measured on an Agilent HP UV-8453 spectrophotometer (Santa Clara, CA, USA). Steady-state room temperature photoluminescence measurements were performed on an Edinburgh Instrument (Livingston, UK) FLSP920 spectrophotometer equipped with a Xe900 continuous xenon lamp, mF920 microsecond flashlamp and a single photon counting photomultiplier tube. Spectra were corrected with the bundled F900 software. Reflectance and absolute quantum yield were recorded by using a corrected integrating sphere provided by Edinburgh Instrument. Triboluminescence spectra were recorded on an Ocean Optics QEPro multichannel spectrometer (Largo, FL, USA) [4] .
Conclusions
In summary, two novel Eu III complexes were developed. The complexes are typical AIE material exhibiting strong luminescence in the solid state but being non-emissive in the solution state. Due to the centrosymmetric space group, these compounds are weakly TL-active, and hence the intensity of these compounds are not comparable with those of a non-centrosymmetric structure due to the lack of piezoelectric charge. With the introduction of a Cl group at the para position, [Eu(pp-dbm-Cl 2 ) 3 phen] has higher quantum yield and displays a slightly more intense TL than [Eu(mm-dbm-Cl 2 ) 3 phen] due to a better and more rigid packing that reduces non-radiative dissipation.
Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/4/662/s1, Figure S1 -S17 and Table S1 : Spectra of characterization and photophysical measurement, crystallographic details. 
